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Searching for nothing? Rather…
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Theoretical introduction



Neutrinoless double beta decay 
and the neutrino mass
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Massive neutrinos and cosmology
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Majorana landscape revisited
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•Discovery window: 15 mev-170 meV 
•Bot hierarchies give almost the same 
“phase space”.
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy
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Discovery potential of xenon-based 

neutrinoless double beta decay experiments 
in light of small angular scale CMB 

observations 

Evidence for Massive Neutrinos from 
Cosmic Microwave Background and 

Lensing Observations
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FIG. 4: MS (top) and SS (bottom) energy spectra. The
best fit line (solid blue) is shown. The background com-
ponents are 2νββ (grey region), 40K (dotted orange), 60Co
(dotted dark blue), 222Rn in the cryostat-lead air-gap (long-
dashed green), 238U in the TPC vessel (dotted black), 232Th
in the TPC vessel (dotted magenta), 214Bi on the cathode
(long-dashed cyan), 222Rn outside of the field cage (dotted
dark cyan), 222Rn in active xenon (long-dashed brown), 135Xe
(long-dashed blue) and 54Mn (dotted brown). The last bin on
the right includes overflows (none in the SS spectrum).
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FIG. 5: Energy spectra in the 136Xe Qββ region for MS (top)
and SS (bottom) events. The 1 (2)σ regions around Qββ are
shown by solid (dashed) vertical lines. The 0νββ PDF from
the fit is not visible. The fit results have the same meaning
as in Figure 4.

loss of efficiency for γ- and β-like events. Cosmic-ray in-
duced backgrounds are removed using three time-based
cuts. Events preceded by a veto hit within 25ms are re-
moved (0.58% dead time). Events occurring within 60 s
after a muon track in the TPC are also eliminated (5.0%
dead time). Finally, any two events that occur within 1 s
of each other are removed (3.3% dead time). The combi-
nation of all three cuts incurs a total dead time of 8.6%.
The last cut, combined with the requirement that only
one scintillation event per frame is observed, removes β-
α decay coincidences due to the time correlated decay
of the 222Rn daughters 214Bi and 214Po. Alpha spectro-
scopic analysis finds 360±65 µBq of 222Rn in the enrLXe,
that is constant in time.
The SS and MS low background spectra are shown in

Figure 4. Primarily due to bremsstrahlung, a fraction
of ββ events are MS. The MC simulation predicts that
82.5% of 0νββ events are SS. Using a maximum like-
lihood estimator, the SS and MS spectra are simultane-
ously fit with PDFs of the 2νββ and 0νββ of 136Xe along
with PDFs of various backgrounds. Background models
were developed for various components of the detector.
Results of the material screen campaign, conducted dur-
ing construction, provide the normalization for the mod-
els. The contributions of the various background com-
ponents to the 0νββ and 2νββ signal regions were esti-
mated using a previous generation of the detector simula-
tion [8]. For the reported exposure, components found to
contribute < 0.2 counts (0νββ) and < 50 counts (2νββ),
respectively, were not included in the fit. For the current
exposure, the background model treats the activity of the
222Rn in the air-gap between the cryostat and the lead
shielding as a surrogate for all 238U-like activities exter-
nal to the cryostat, because of their degenerate spectral
shapes and/or small contributions. A possible energy off-
set and the resolution of the γ-like spectra are parameters
in the fit and are constrained by the results of the source
calibrations. The fraction of events that are classified
as SS for each of the γ-like PDFs is constrained within
±8.5% of the value predicted by MC. This uncertainty
is set by the largest such deviation measured with the
source calibration spectra. The SS fractions for β- and
ββ-like events are also constrained in the fit to within
±8.5% of the MC predicted value. As a cross-check, the
constraint on the 2νββ SS fraction is released in a sep-
arate fit of the low background data. The SS fraction is
found to agree within 5.8% of the value predicted by the
MC simulation.
The ββ energy scale is a free parameter in the fit, so

that it is constrained by the 2νββ spectrum. The fit re-
ports a scale factor of 0.995 ± 0.004. The uncertainty is
inflated to ± 0.006 as a result of an independent study of
the possible energy scale differences between γ- and ββ-
like energy deposits. The 2νββ PDF is produced using
the Fermi function calculation given in [16]. Tests using
a slightly different spectral form [17] were performed and
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FIG. 1: (a) Energy spectrum of selected candidate events together
with the best-fit backgrounds and 2νββ decays, and the 90% C.L.
upper limit for 0νββ decays, for the combined data from DS-1 and
DS-2; the fit range is 0.5 < E < 4.8MeV. (b) Closeup of (a) for
2.2 < E < 3.0MeV after subtracting known background contribu-
tions.

their activity appears to increase proportionally with the area
of the film welding lines. This indicates that the dominant IB
backgrounds may have been introduced during the welding
process from dust containing both natural U and Fukushima
fallout contaminants. The activity of the 214Bi on the IB drives
the spherical fiducial radius in the analysis.

In the combined DS-1 and DS-2 data set, a peak can
also be observed in the IB backgrounds located in the 0νββ
window on top of the 214Bi contribution, similar in en-
ergy to the peak found within the fiducial volume. To ex-
plore this activity we performed two-dimensional fits in R
and energy, assuming that the only contributions on the IB
are from 214Bi and 110mAg. Floating the rates from back-
ground sources uniformly distributed in the Xe-LS, the fit
results for the 214Bi and 110mAg event rates on the IB are
19.0± 1.8 day−1and 3.3± 0.4 day−1, respectively, for DS-1,
and 15.2± 2.3 day−1and 2.2± 0.4 day−1for DS-2. The rejec-
tion efficiencies of the FV cut R < 1.35m against 214Bi and
110mAg on the IB are (96.8 ± 0.3)% and (93.8 ± 0.7)%, re-

spectively, where the uncertainties include the uncertainty in
the IB position.

The energy spectra of selected candidate events for DS-1
and DS-2 are shown in Fig. 1. The ββ decay rates are
estimated from a likelihood fit to the binned energy spec-
trum between 0.5 and 4.8 MeV for each data set. The back-
ground rates described above are floated but constrained by
their estimated values, as are the detector energy response
model parameters. As discussed in Ref. [2], contributions
from 110mAg (β− decay, τ = 360 day, Q = 3.01MeV), 88Y
(EC decay, τ = 154 day, Q = 3.62MeV), 208Bi (EC de-
cay, τ = 5.31× 105 yr, Q = 2.88MeV), and 60Co (β− de-
cay, τ = 7.61 yr, Q = 2.82MeV) are considered as potential
background sources in the 0νββ region of interest. The in-
creased exposure time of this data set allows for improved
constraints on the identity of the background due to the differ-
ent lifetimes of the considered isotopes. Fig. 2 shows the event
rate time variation in the energy range 2.2 < E < 3.0MeV,
which exhibits a strong preference for the lifetime of 110mAg,
if the filtration is assumed to have no effect. Allowing for the
110mAg levels between DS-1 and DS-2 to float, the estimated
removal efficiency of 110mAg is (1±19)%, indicating that the
Xe-LS filtration was not effective in reducing the background.
In the fit to extract the 0νββ limit we include all candidate
sources in the Xe-LS, considering the possibility of composite
contributions and allowing for independent background rates
before and after the filtration.

The best-fit event rate of 136Xe 2νββ decays is 82.9 ±
1.1(stat) ± 3.4(syst) (ton·day)−1for DS-1, and 80.2 ±
1.8(stat) ± 3.3(syst) (ton·day)−1for DS-2. These results are
consistent within the uncertainties, and both data sets indicate
a uniform distribution of the Xe throughout the Xe-LS. They
are also consistent with EXO-200 [3] and that obtained with a
smaller exposure [4], which requires the FV cut R < 1.2m to
avoid the large 134Cs backgrounds on the IB, more appropri-

Days
0 50 100 150 200

Ev
en

t/D
ay

/T
on

0

0.1

0.2

0.3 DS-1 DS-2

 =  2.222χAg, 110m

 =  8.062χBi,    208

 = 10.162χY,       88

FIG. 2: Event rate variation in the energy region 2.2 < E <
3.0MeV (136Xe 0νββ window) after subtracting known back-
ground contributions. The three fitted curves correspond to the
hypotheses that all events in the 0νββ window are from 110mAg
(solid), 208Bi (dotted), or 88Y (dashed). The gray band indicates the
Xe-LS filtration period; no reduction in the fitted isotope is assumed
for the χ2 calculation.

Majorana landscape in 2014

•Claim for ββ0ν strongly disfavored 
by null results in 136Xe and 76Ge 

•mββ ~ 200 meV.  
•Barely out of “cosmo-window” 
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy
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Experimental challenges



Why ββ0ν experiments are difficult

•Earth is a very radioactive planet. There are 
about 3 grams o U-238 and 9 grams of Th-232 
per ton of rock around us. 
•This is an intrinsic activity of the order of 60 
Bq/kg of U-238 and  90 Bq/kg of Th-232. 
•The lifetime of U-238 is of the order of 109 y 
and that of Th-232 1010 y. We want to explore 
lifetimes of of the order of 1026 -1027 y.

1016: number of sand grains 
(1mm diameter) in a beach 1 

km long, 1km wide, 10 m 
deep



Building the perfect ββ0ν experiment
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NEXT and the race toward the ultimate ��0⇥ experiment 31

High Isotope Enrichment

!130Te has best natural isotopic abundance

!However, all next-generation experiments will be
isotopically-enriched! 

Isotope Natural 
Abundance (%)

48Ca 0.2
76Ge 7.8
82Se 9.2
96Zr 2.8
100Mo 9.6
110Pd 11.8
116Cd 7.5
124Sn 5.6
130Te 34.5
136Xe 8.9
150Nd 5.6

T 1"2
#1

$ a%&'M%t "()E%B*

!Easiest to enrich are noble elements: 136Xe
        Xe TPCs (NEXT, EXO)

!Enrichment also provides purification against
radioactive contaminants

NEXT and the race toward the ultimate ��0⇥ experiment 37

High �� Detection Efficiency

Source � Detector Source = Detector

!��0⇥ events are so rare (if present at all) that you do not want to miss them!

!Homogeneous approach (source = detector) can provide close to 100% efficiency,
at least for purely calorimetric technique

!Not so for inhomogeneous approach (source � detector):
! geometric acceptance, absorption in foil, backscattering, tracking requirement,...

Find an isotope with large Q, no long 
lived radioactive isotopes, easy to 
procure and cheap. 

Isotope

Scalability 

Build a detector with no dead 
areas, and economy of scale

∆E

Build a detector with 
the best possible 
resolution

Background

Detector provides extra 
handles to reduce 
background

measurement the of Non Resonant Multi-Photon Ionization (NRMPI) cross section of liquid

xenon with di↵erent wavelengths of pulsed UV light is presented.

2.1 Spectroscopy

2.1.1 Ba+ Vaccuum Energy Levels

The lowest atomic energy levels of Ba+ in vacuum are shown in Figure 2.1. The ground

2P1/2 
 

2D5/2  

2S1/2 

2D3/2  

2P3/2 
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650 nm 
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614 nm 
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Figure 2.1: Ba+ vacuum energy levels

state is the 6s 2S 1
2
state. There are two strong transitions from the ground state to the exited

6p state, 2P 1
2
and 2P 3

2
, corresponding to 455nm and 493nm, with spontaneous decay rates

of 1.11⇥108 s�1 and 9.53⇥107 s�1 respectively. According to the electron dipole selection

rules, once excited to the 6p states, the ions can decay back to the ground state or to the

metastable 5d states. The ions in the excited 6p 2P 3
2
state can decay to either the 5d 2D 3

2

or 5d 2D 5
2
states, giving o↵ 585nm (A=6.00⇥106 s�1) and 614nm (A=4.12⇥107 s�1) light

respectively. The ions in the exited 6p 2P 1
2
state, can only decay to the 5d 2D 3

2
state giving

15



Measuring ββ0ν in an ideal experiment

•Get yourself a detector with perfect 
energy resolution 
•Measure the energy of the emitted 
electrons and select those with 
(T1+T2)/Q = 1 
•Count the number of events and 
calculate the corresponding half-life.  
•In Xe-136, a perfect detector of 
1ton observes 3 events for a lifetime 
of 1027 y (~20 meV). 
•Improvement with √T but if you 
must subtract background then ∜T

(T 0⌫
1/2)

�1 = G0⌫(Q,Z) |M0⌫ |2 m2
��

Measuring nothing is 
very difficult



Why NEXT? — Advantages of HPXe technology
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High Isotope Enrichment

!130Te has best natural isotopic abundance

!However, all next-generation experiments will be
isotopically-enriched! 

Isotope Natural 
Abundance (%)

48Ca 0.2
76Ge 7.8
82Se 9.2
96Zr 2.8
100Mo 9.6
110Pd 11.8
116Cd 7.5
124Sn 5.6
130Te 34.5
136Xe 8.9
150Nd 5.6
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!Easiest to enrich are noble elements: 136Xe
        Xe TPCs (NEXT, EXO)

!Enrichment also provides purification against
radioactive contaminants

NEXT and the race toward the ultimate ��0⇥ experiment 37

High �� Detection Efficiency

Source � Detector Source = Detector

!��0⇥ events are so rare (if present at all) that you do not want to miss them!

!Homogeneous approach (source = detector) can provide close to 100% efficiency,
at least for purely calorimetric technique

!Not so for inhomogeneous approach (source � detector):
! geometric acceptance, absorption in foil, backscattering, tracking requirement,...

Xenon is the cheapest and easiest to 
enrich of all ββ isotopes. No long lived 
radioactive isotopes. There is already 
1 ton of enriched xenon in the World. 

Cost

Scalability 

Xenon is a noble gas suitable to 
build a TPC. No dead areas, S/N 
improves with L

∆E
HPXe TPC is the only 
xenon detector that 
provides good energy 
resolution (better 1% 
FWHM at Qbb)
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Y
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m
m

)
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-250

-200

-150

Background

HPXe TPC is the only 
xenon detector that 
provides topological 
signal



Scalability

!

1kg 10 kg 100 kg

Majorana Baseline Concept

3-D model of baseline configuration

Segmentation (6x2) results in
2500 individual 200g segments

210 2.35 kg crystals

Example of a future large experiment with source = detector

Up to 500 kg of 85% enrichedGe76.

• high resolution ~0.2% at 2 MeV
• low bkgrd construction materials
• S/N improvement due to crystal

segmentation and PSD. 

Ultimate reach to perhaps 20 meVMajorana Baseline Concept

3-D model of baseline configuration

Segmentation (6x2) results in
2500 individual 200g segments

210 2.35 kg crystals

Example of a future large experiment with source = detector

Up to 500 kg of 85% enrichedGe76.

• high resolution ~0.2% at 2 MeV
• low bkgrd construction materials
• S/N improvement due to crystal

segmentation and PSD. 

Ultimate reach to perhaps 20 meV

Economy of scale: Double L, 
signal increases 8 (L3), 
background increases 4 (L2), S/N 
improves by a factor 2 



Energy resolution makes a difference 
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Signal and background: 
•Signal: mν ~200 meV and an exposure of 5 ton year. 
•Background 1 count/keV/ton/year. 
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Topological background reduction

•In xenon gas at 15 bar, a ββ event is a twisted track, 10 cm long, with two 
energy blobs at the two ends and no additional floating clusters. 
•Instead the backgrounds are single electrons, accompanied 85% of the 
time by X-rays (Xenon de-excitation).   
•HPXe TPC offers a signal that looks like a signal: two identified electrons 
with an energy within 10 keV of Qbb 

NEXT CONCEPTUAL IDEA, tracking  

reconstructed**tracks**from**
a*MC*simulated*ββ0ν*event**

The' signature' of' the'
electron' is' a' twisted' track'
with' a' strong' energy'
deposi9on'at'its'end'

Tracking'Plane'
of'NEXT>DEMO,'
with'256'SiPMs'
for'tracking'
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Figure 36. A Monte Carlo electron simulated in the NEXT-DEMO detector.

Notice that in the time (or z) coordinate: a) each slice represents an ordered time frame in
the track trajectory; and b) the resolution of the sampling itself is much better than the smearing
imposed by diffusion (in NEXT-DEMO we use a sampling of 1 µs, corresponding to a resolution
of 1 mm). This, in turn, implies that: a) the electron “blob” can be found by simply walking
through the time slices, finding the one with higher energy and adding neighbor slices as dictated
by diffusion and b) x-rays are well separated from the electron in the z coordinate and can be very
often tagged directly by identifying a smaller S2 of the appropriate energy separated from the main
S2 signal. Notice that all this is done using the cathode, and therefore one benefits of the good
resolution of the energy plane.

Figure ?? shows the number of time-slices (refer hereafter simply as “slices”) in the S2 signal
as a function of the energy of S2. Notice that for energies below 600 pes (100 keV) the number of
slices is roughly constant with an average value of about 10. Since each slice has a width of 1µs, we
conclude that below some 100 keV, we are observing point–like objects whose width is of the order
of 10 µs. This width comes about by the combination of two factors. The longitudinal diffusion,
which is of the order of 3 µs rms for blobs produced near the port where most of the signal is
concentrated (thus the energy of point–like blob will be spread in about 9 µs, corresponding to a
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HPXe and NEXT: a bit of history







About 4 % FWHM at Qbb 





Gothard TPC

( )R. Luescher et al.rPhysics Letters B 434 1998 407–414 409

This design is similar to that used for the the
read-out planes of a larger TPC, MUNU, built to

ystudy n e scattering near a nuclear reactor. Moree
w xdetails can be found in a paper on that detector 6 .

The read-out electronics was not changed. The
w xarchitecture and functionality are described in 3 .

The anode signal, after integration, provides the
energy information. The signals from the x–y strips
are first fed into current-voltage preamplifiers, and
then into two level discriminators. The first level is
set below that of minimum ionizing particles, the
second one is 10 times higher. It fires where the
ionization density is high, for example at the end of
electron tracks and for a particles. The anode is
sampled at 8 MHz, the x and y strips at 2 MHz. The
spatial information along the z axis is reconstructed
from the time evolution of the signals. The x–z and
y–z projection of each event are recorded, as well as
the anode signal.

3. Detector performance

The advantage of a TPC lays in its tracking
capability, allowing event recognition and good

Fig. 2. A typical ‘two electron’ candidate: the xz and yz projec-
Žtion, as well as the extracted x – y projections in the lower

.frame are drawn. Scales are in cm. The time evolution of the
anode signal is displayed on the right. The bb-candidate exhibits
‘blobs’ at both ends of a continuous track.

Fig. 3. ba coincidence: a single electron track is followed by an
Žalpha emission with a characteristic drop-like track and fast

.anode pulse 28 ms later, at the same x and y position. Scales are
in cm. The beta event is emitted in the direction of increasing z,
defined as ‘up’.

background reduction. For instance, recorded events
are shown in Figs. 2 and 3: the x–z and y–z
projections, as well as the corresponding anode sig-
nal are displayed in the three upper frames; below,
the deduced x–y projection is drawn. The small and
large ‘pixels’ indicate the low and high local ioniza-
tion density, respectively, as given by the two level
read-out discrimination. The vertical z axis calibra-
tion relies on the time sampling of 2 MHz for the
strips signal: with a measured drift velocity of 1.29
cmrms, it corresponds to an effective vertical bin
size of 6.5 mm and points from the read-out plane to
the cathode. The zs0 time is defined by the leading
edge of the anode signal.
Fig. 2 shows a typical ‘two-electron’ candidate,

with blobs at both ends of the track. Fig. 3 depicts a
Ž .beta decay single electron, with one blob only in

coincidence with an alpha emission 28 ms later. The
characteristic track and anode pulse of the alpha
particle is due to the higher charge density. These
specificities are not only useful for good event selec-
tion, they also make it possible to search for the

Ž .origin of the background see Section 5 .
The energy measurement is obtained by integrat-

ing the digitized anode signal over the drift time. The

( )R. Luescher et al.rPhysics Letters B 434 1998 407–414410

Fig. 4. Energy spectrum of a 232Th source. The peak is due to the
double-escape of the 2614-keV g-rays in 208Tl. The full spectrum
is shown, as well as the spectrum obtained after filtering the

Ževents with our track-reconstruction program selecting ‘two-elec-
.tron’ events .

energy calibration is done by measuring various
g-source spectra. It is linear in our range of interest
Ž .1–3 MeV . An accuracy to better than 2% is
achieved over the whole acquisition time. Adopting

w xsimilar procedures as in our previous work 4 , a gain
map has been established to compensate for varia-
tions across the x–y plane. The map was found to be
stable within 1% over the whole duration of the
experiment.
After the map correction, an energy resolution of
Ž .8% FWHM at 1592 keV is measured on the double

208 Žescape peak from the 2614 keV g-line in Tl Fig.
.4 . As the energy resolution is observed to scale with

Žthe square root of the energy by measuring the
22 137 .width of g-peaks from Na, Cs, . . . , we con-

clude that it is 6.6% at the 0n transition energy
Ž .2481 keV .

4. Data analysis and results

Single electron tracks with ‘blobs’ from d-elec-
tron at their beginning or more complex winding
shapes may mimic two electron events and represent

Fig. 5. Single electron spectra: comparison of count rates between
data from the previous and from the new setup. A reduction of 2.8
has been achieved, slightly increasing with the energy.

the most troublesome background to reject. A good
estimation of the achieved background reduction is
therefore obtained by looking at the single electron
count rate. A single electron spectrum has been
obtained by visually scanning 308 h of data. A
reduction factor of 2.8 has been evaluated for events
in the energy range of interest comparing with our
earlier work. The reduction is slightly greater at

Ž .higher energies Fig. 5 and Table 1 .
The direction of emission has also been analyzed.

According to the topology of their tracks, the single
Želectrons have been classified as ‘up’ possibly origi-

.nated on the anode plane, as shown in Fig. 3 ,
Ž .‘down’ coming from the cathode or from undeter-

Ž .mined origin: gas tracks winding on itself , field

Table 1
Single electron count rate and direction-ratio comparisons be-
tween the previous and the current data

y1Ž .Energy range Count rate h ‘Uprdown’ ratio
old new old new
read-out read-out read-out read-out

) 1600 keV 4.88 1.72 4.8"0.7 3.3"0.4
1600–2200 keV 4.04 1.46
) 2200 keV 0.84 0.26

6.6 % FWHM

•Classical “gain” TPC: wires + pads: quencher CH4 (4%). 
•Observed topological signature (spaghetti with two meat balls) 
•Quencher killed the scintillation light: no t0, poor energy resolution. 
•“Final” results of Gothard in 1998. 
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EXO white paper (1999)

•Symmetric TPC at 5 bar. Total volume of 40 m3 for 1 ton mass. 
•“double vessel” with buffer gas 
•Included the notion of “Ba Tagging” 
•Included the notion that scintillation light had to be observed for t0. 
• 1Kv/cm… huge electric field in the cathode. 
•GEM readout. Estimated energy resolution was ~3% FWHM Qbb



“The readout will probably be done with micro pattern device (Micromegas, LEM and 
GEM are suitable alternatives) although the use of wires is not excluded” 

•Ten years later: The NEXT EOI was essentially a modest version of EXO 
• Still thinking in “gain” TPCs with micro pattern readout.

NEXT EOI (2008)



The breakthrough



2009: D. Nygren High-pressure xenon gas electroluminescent TPC for 0-n bb-decay 

“A high-pressure xenon gas TPC can provide both event topology information and 
optimized energy resolution for the detection of bb decay in 136Xe. The result of 

optimization indicates that, at the 136Xe Q-value of 2480 keV, an energy resolution of 
dE/E < 5x 10-3 FWHM may be realizable, even at the 1000 kg scale. Signal detection 

by electroluminescence appears essential to realize this performance. 
” 

necessary to place ‘‘field’’ wires in between the EL wires, in the
same plane. The field wires must be operated at a potential that
adds the needed field lines to the anode wires. The field wires
squeeze the drift field lines into small angular regions – the ELzone

– on the top and bottom of the EL wire. The use of field wires is
conventional practice in TPC designs. Because the drift field lines
are squeezed into a narrow angular range, any azimuthal non-
uniformity of the electric field is relatively smaller in the ELzone

region, and seems unlikely to contribute adversely to the energy
resolution.

The total potential difference needed between the field wires
and EL wires is less than 6 kV. Because the field wires are so close
to the source of EL, it may be important that the field wires have
the smallest possible photoemission characteristics since any
additional non-primary electrons from that surface will generate a
full EL contribution and add variance to G.

A single electron arriving at the ELzone produces light with a
steadily increasing rate. To the extent that the electron drift
velocity is constant, the light pulse displays a shape

ELðtÞ ¼ Aft=ðtmax $ t þ dtÞ (38)

EL generation extends over &1ms, rising smoothly at t ¼ 0 and
terminates abruptly when the electron reaches the wire surface at
t ¼ tmax. dt represents the boundary condition for the radius
where E0 is reached. The unusual shape of the basic single
electron EL pulse should not cause difficulties.

5. Separated-function TPC

5.1. TPC general concept

The TPC envisaged for our purposes has a standard cylindrical
TPC geometry. A readout plane is at each end and a HV plane is in
the central plane of symmetry. For concreteness, I take the TPC to
have a 100 cm active radius, and a drift length of 100 cm (total
active length is 200 cm). The general concept is sketched in Fig. 3.

The xenon active mass M at density r ¼ 0.1 g/cm3 is 630 kg.
The total high voltage (HV) for a 100 cm drift length is 50 kV. The
maximum drift time tmax for electrons is long: tmaxE1000ms. The
HV plane must have very high optical transparency, either a metal
mesh or a wire plane. The field cages are highly reflective Teflon or
some other appropriate reflective material, perhaps coated with
wavelength shifter. Thin annular conductive ribs establish the
potential grading. It is conceivable that scintillators hidden behind
the field cages could add usefully to the background rejection.
Each readout plane is covered, to the highest practical extent, with
PMTs to record the primary scintillation and EL light.

A PMT of 5 cm diameter may be a reasonable balance between
mechanical resilience against implosion, system complexity, and
cost considerations. For compressive strength, a cylindrical PMT is
natural, and a convex front face (and rear pinout) would add
mechanical strength without compromising performance. The
PMTs would be most naturally arranged in a hexagonal config-
uration. The geometrical fraction of PMT coverage is 0.764, but
some allowance must be made for support structures, perhaps an
additional 5–6%.

With these choices, each readout plane supports about 1100
PMTs. Light collecting cones will increase the effective fraction of
photocathode appreciably, and should be considered. The large
number of PMTs is an advantage for signal detection, but is a
major factor for cost and a prominent source for backgrounds
from radioactive impurities in the PMT glass and structures. PMT-
related backgrounds may be attenuated through the use of light
pipes of fused silica or other optically clear, radio-pure material of
sufficient length between the sensitive region and the PMTs. The
availability of robust PMTs that withstand a desired operating
pressure is an important topic. PMTs of 2.5 cm diameter that
tolerate 20 bars do exist.

5.2. Energy measurement with separated functions

To confront the challenges associated with the goal of energy
resolution at the level of dE/Ep4'10$3, I propose that the energy
and tracking functions occur through separated-function TPC
geometry: an event arriving at TPC readout plane ‘‘A’’ (B)
generates sufficient EL that readout plane ‘‘B’’ (A) can record
enough light to make a precise energy measurement. Planes A and
B have perfectly symmetric, reversible roles. The arriving
electrons generate EL in the ELzone opposite the proximate
photomultipliers. This is beneficial, as none of the EL light will
be obscured from the view of the opposite plane. As the
generation of light is isotropic and the HV plane has high
transparency, the distribution of light to all the photodetectors
in B is quite uniform, with a soft, cosine-like dependence on radial
position of the light production. Highly reflective field cages will
further soften even this moderate effect. As the dependence is
purely geometric, a calibration, once made, should be extremely
stable.

The primary advantage of this separated-function approach is
that no dilemma exists concerning a track/event boundary for the
energy measurement. Assuming that a reconstructed track lies
well within fiducial boundaries, including diffusion effects, no
event boundary is needed for energy measurement. Every signal
electron contributes to the total EL signal with equal statistical
weight. This separated-function idea with uniform electric field
may be a key to approach the optimum energy resolution. In
contrast, a cylindrical geometry with radial electric field exhibits
serious deficiencies, as addressed in Appendix 1.

PMTs naturally vary in quantum efficiency, and in gain.
Fortunately, it is not necessary for all PMTs to have identical a
priori quantum efficiency, nor does the primary calibration goal
require knowledge of absolute quantum efficiency. It is sufficient
to determine the relative quantum efficiencies x within the
ensemble of PMTs and the single photoelectron pulse height of
each PMT. The total energy Q is

Q ¼ So

X
ab

qab=sa xaðrbÞ (39)

So is an overall conversion constant, qab is the signal measured
in PMT ‘‘a’’ in time slice ‘‘b’’, sa is the average single photoelectron
signal for PMT ‘‘a’’, and xa(r) is the efficiency for PMT ‘‘a’’ to detect
a photon originating at radius r (at the opposite readout plane)
from the TPC axis of symmetry. Since the radius where EL photons
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Fig. 3. Separated-function concept, illustrating the possibility to detect EL light at
plane B originating from plane A, or vice-a-versa. The event, shown as a wiggly
track, generates primary scintillation recorded at both planes. Subsequently, EL
light generated at plane A is detected almost uniformly everywhere on plane B for
a precise energy measurement.
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A high-pressure xenon gas TPC can provide both event topology information and optimized energy
resolution for the detection of bb decay in 136Xe. The result of optimization indicates that, at the 136Xe
Q-value of 2480 keV, an energy resolution of dE/Eo5!10"3 FWHM may be realizable, even at the
1000 kg scale. Signal detection by electroluminescence appears essential to realize this performance.
A specific method for generation and detection of the electroluminescent signal and particle tracking in
high-pressure xenon gas is advanced. Strengths and weaknesses of high-pressure xenon gas TPC
detectors are evaluated and compared to detectors based on liquid xenon.

& 2009 Elsevier B.V. All rights reserved.

1. Introduction

The unambiguous detection of a single example of the 0-n bb-
decay mode in any candidate nucleus would establish a Majorana
nature for the neutrino and demonstrate non-conservation of
lepton number. The experimental situation remains controversial
[1]. The motivation for ongoing searches for this decay mode has
been strengthened by neutrino oscillation results that have
established a non-zero neutrino mass, satisfying an essential
condition for this decay process. The quest for 0-n bb decay has a
natural sensitivity goal /mbbS E50 meV, where /mbbS is the
effective neutrino mass in this decay. Aside from the central
question whether the decay mode even exists, major uncertainties
exist in the estimation of decay rate due to nuclear physics.
Several hundred kg of active target mass, or perhaps even more
than 1000 kg, may be necessary to approach the needed
sensitivity. The current projects, EXO200 [2], with 200 kg of xenon
enriched in 136Xe, CUORE [3], with several hundred kg of
tellurium, and GERDA [4], with several tens of kg of 76Ge, will
set the pace for this generation of 0-n bb experiments. Because of
uncertainties and the importance of a positive result, detection in
several candidate isotopes is essential.

Looking forward, this paper explores the performance potential
of a high-pressure xenon gas (HPXe) TPC, with some comparisons
to liquid xenon (LXe). HPXe density is defined here to include the
range 0.025oro0.1 g/cm3, approximately 5oro20 bars at
normal temperature. The density r ¼ 0.1 g/cm3 has been chosen
for study here, as this density appears to be closer to an optimum
balance of parameters. Signal generation, detection, and proces-
sing are addressed in detail, as well as event placement in space

and dynamic range. The visible primary signals, ionization, and
scintillation under the proposed operating conditions are exam-
ined. A specific TPC design with approximately 600 kg active mass
is presented to illustrate the feasibility and challenges.

The 50 meV sensitivity goal corresponds to such low decay
rates that extremely stringent background rejection requirements
must be imposed to avoid contamination of the energy region of
interest at the Q-value of the nuclear transition. As a first defense
against backgrounds, sophisticated avenues of radioactive con-
taminant mitigation are needed. For very large LXe detectors, self-
shielding against MeV g-rays is effective against external back-
grounds, but this protection is obtained only with a very
substantial sacrifice of fiducial volume. In HPXe, useful back-
ground rejection for 0-n bb decay is possible through event
topology tests. Tagging of the barium daughter is a very attractive,
but currently unrealized, tool for discrimination of signal and
backgrounds. The issues of background rejection – and conse-
quent radio-purity requirements, etc. – are both complex and
central for success, but are beyond the scope of this paper.

Both direct WIMP and 0-n bb searches are of potentially
enormous scientific value, and are also costly, lengthy, and high
risk due to various large uncertainties [1,5]. With similar masses
of xenon in EXO200, Xenon100 [6], and XMASS [7], it is natural to
consider whether both types of searches could be made sensibly
with a single system [8]. The most obvious difference in these
searches is the energy scale of interest. The recent positive result
announced by the DAMA–LIBRA collaboration of an annual
modulation signal is attributed to WIMPs [9], but the modulation
signal appears only for energy transfers of less than 4 keVee.1

ARTICLE IN PRESS
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•It is a High Pressure Xenon 
(HPXe) TPC operating in EL 
mode.   
•It is filled with 100 kg of Xenon 
enriched at 90% in Xe-136 (in 
stock) at a pressure of 15 bar. 
•The event energy is integrated 
by a plane of radiopure PMTs 
located behind a transparent 
cathode (energy plane), which 
also provide t0. 
•The event topology is 
reconstructed by a plane of 
radiopure silicon pixels (MPPCs) 
(tracking plane). 

NEXT: A light TPC
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EL mode is essential to get lineal 
gain, therefore avoiding avalanche 
fluctuations and fully exploiting the 
excellent Fano factor in gas



2010/2011: DEMO (IFIC) and DBDM EL prototypes (LBNL) built and commissioned 

!

DEMO @ IFIC made possible thanks 
to the crucial contribution of J. White 
and Dave Nygren. Spanish groups 
benefited enormously from USA 

groups know-how. 
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DBDM: Best resolution to date
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NEXT R&D: detector performance achievements

•1.8% FWHM energy resolution for 
511 keV electrons over large fiducial 
volume  
!

•Extrapolates to 0.75% FWHM at 
Qββ energy of 136Xe decay 

•The DBDM prototype at LBNL 
extrapolates to 0.5 % FWHM at Qββ 
using 660 Cs-137 electrons

511 keV gammas in NEXT-DEMO 
[NEXT Coll., JINST 8 (2013) P09011]

X-ray escape

Compton

X-ray

Photoelectric

light output similar to the 662 keV full energy events, a point spread function
of about 6 mm radius is measured. Therefore cutting harder on the radial
position of events does not reduce render an improved fiducialization of te
events.

Fig. 3 shows a high statistics spectrum with a full energy peak, a Comp-
ton continuum and edge, a backscattering peak and a xenon x-rays peak and
escape peak.
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Figure 3: Measured energy spectrum for 662 keV gammas: This spectrum was
taken at a 15.5 atm pressure with E/P of 1.95 kV/(cm atm) in teh EL region and 775
V/cm in the drift region.

In addition, we have obtained 4.7% FWHM for 59.4 keV gamma rays
from 241Am at 10 Atm (see Fig. 5 and 6).

The hot getter was added to the system to better control the TPC per-
formance by eliminating the residual N2 from the gas which a↵ects the drift
velocity and could potentially also have an electron attachment e↵ect. How-
ever, the removal of N2 had the unintended consequence of reducing the light
yield in the chamber (the number of SPEs detected per ionization electron).
A light yield reduction of about 60% was observed for similar TPC fields and
pressure. The light yield reduction has been compensated by a subtantial
increase in the maximum E/P we were able to achieve by gradual chamber

3

DBDM
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How was this 1% result obtained? 

 

Data from 
LBNL-TAMU 
HP Xe TPC 

 

This result is 
important for 
both 0-νββ & 
WIMP searches 

 

 

662 keV, 
ionization 
signal only 

The beauty of resolution



Topology of the signal in a next

•Higher energy deposition clearly visible at 
electron track end-point. 
•Tracks reconstructed using SiPMs + PMTs

Figure 13. Examples of 22Na (top left), 137Cs (top right) and muon (bottom) track xy plane projections.
Tracks reconstructed from NEXT-DEMO data.

a large fiducial volume. The most important factors affecting the energy resolution of the NEXT-
DEMO detector are geometrical inhomogeneities in response and any time variation of the detector
gain, both in terms of EL yield and sensor calibration [6].

6.1 Charge time dependence

As described in section 4 the calibration constants of the photodetectors were constantly monitored
over the course of data taking so that any variation could be taken into account. Additionally, the
temperature and pressure in the TPC have been monitored allowing for the study of the correlation
between these physical factors and the detector response. A correlation between the measured
pressure and charge is observed in the data as can be seen in figure 14-left panel. The temperature
of the vessel has a significantly smaller effect on the PMT charge. Both temperature and pressure
oscillate at the level of ⇠0.2% every 10 minutes due to the cycle of the hot getter which purifies
the gas and by up to 3% due to air conditioning and activity in the laboratory over a timescale of
24 hours. Other possible sources of time dependent variation are the occurrence of sparks in the
TPC and variation of the gas purity. The increased light yield due to the TPB-coated tracking plane
(see section 3) enabled the use of lower EL fields compared to previous analyses, and improved gas

– 14 –
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NEXT 100 kg detector at LSC: main features
Pressure vessel:


stainless steel,15 bar max pressure

Inner shield:

copper, 12 cm thick

Time Projection Chamber:

100 kg active region, 130 cm drift length

Outer shield:

lead, 20 cm thick

Energy plane:

60 PMTs,  

30% coverage
Tracking plane:

7,000 SiPMs,  

1 cm pitch



Pressure vessel



NEXT at LSC

Infrastructures: platform, lead castle, gas 
system, emergency recovery system, 
completed. First phase of experiment starts 
in 2015. In stock, 100 kg of enriched xenon 
and 100 kg of depleted xenon.

AMADE University of Girona!DRAFT NEXT-100!
!

(2)!

1-Infrastructures at Canfranc Laboratory.!



NEXT100 rejection of backgrounds

A transparent target, away from surfaces 
• Veto of effectively all charged backgrounds entering the detector 
(left). High-energy gammas have a long interaction length (>3 m) in 

HPXe.



NEXT100 rejection of backgrounds

The 2-electron signature 
• Interaction of high-energy gammas (from Tl-208 and Bi-214) in the 
HPXe can generate electron tracks with energies around the Q value 
of Xe-136. However, electron often accompanied of satellite clusters 

and single blob deposit



NEXT100 rejection of backgrounds

The 2-electron analysis 
•Effect of the filters (cuts) defining an event with 2 electrons and energy in a ROI of 
2σ around Qββ.  
•Efficiency for signal ~35% for suppression factors 4-8 x 10-7 
•Topology rejection is the product of 1 track x 2 blobs conditions 

0νββ Tl-208 Bi-214

Fiducial  
E>2 MeV 67.86% 0.25% 0.01%

ROI 95.52% 8.99% 64.66%

1 track 74.60% 1.86% 12.54%

2 blobs 73.76% 9.60% 9.89%



NEXT 100 expected background

Activity (Bq) Rejection Factors Final rate (ckky) 

Tl-208 Bi-214 Tl-208 Bi-214 Tl-208 Bi-214

Dice Boards 4,28E-03 3,21E-03 7,90E-07 8,85E-07 3,047E-05 2,560E-05

PMTs 8,40E-03 3,00E-02 3,30E-07 2,68E-07 2,498E-05 7,244E-05

Field Cage 4,38E-03 1,53E-02 5,30E-07 8,02E-07 2,091E-05 1,107E-04

ICS 1,326E-02 1,105E-01 1,100E-07 8,400E-08 1,315E-05 8,365E-05

Vessel 1,66E-01 5,16E-01 1,10E-08 2,80E-09 1,644E-05 1,301E-05

Shielding Lead 6,266E-01 1,084E+00 2,000E-09 1,000E-10 1,129E-05 9,763E-07

SUBTOTAL 8,23E-01 1,76E+00 1,172E-04 3,063E-04

TOTAL BKGND 2,58E+00 4,24E-04
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•Reach mν < 100 meV.  
•Thus, NEXT has a chance of making a discovery or seeing a hint. 
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy
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Majorana Gas Instrumented with Xenon 
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• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy
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•It is a symmetric TPC filled with O(1 ton) of 
Xenon enriched at 90% in Xe-136 at a 
pressure of 15 bar  
•The drift length is 2 x 2 m (2 ms drift, DEMO 
measures lifetimes of > 10 ms) 
•The TPC radius is about 1 m.  
•The active volume is about 12 m3 (1 ton at 
15 bar) 
•The event energy is integrated by wavelength 
shifting light guides surrounding the gas and 
read by PMTs located outside the fiducial 
volume.  
•The event topology is reconstructed by two 
planes of radiopure silicon pixels (MPPCs by 
default). 

What is MAGIX 



•PMTs outside the fiducial area, shielded by 
copper. This eliminates one of the three 
dominating sources of background.  
•Detector inside a water tank with better 
stopping power than lead may allow to 
reduce the thickness of ICS.  
•Gas additives? TMA could reduced lateral 
diffusion (better tracking) and improve 
resolution (penning effect).  
•Economy of scale automatically yields a 
factor ~2.5 background reduction. 

What is MAGIX 
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•A HPXe TPC with a mass in the range of 
the ton can explore the inverted hierarchy, 
reaching ~20 meV and operating as a 
virtually background-free detector.   
•The topological signature can be 
enhanced by reducing lateral diffusion 
(TMA) among other possibilities.   
•Ba tagging may also be available in gas.   
•Overall MAGIX may be the ultimate 
detector to discover the Majorana nature 
of the neutrino.

The MAGIC of  MAGIX 

measurement the of Non Resonant Multi-Photon Ionization (NRMPI) cross section of liquid

xenon with di↵erent wavelengths of pulsed UV light is presented.

2.1 Spectroscopy

2.1.1 Ba+ Vaccuum Energy Levels

The lowest atomic energy levels of Ba+ in vacuum are shown in Figure 2.1. The ground
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Figure 2.1: Ba+ vacuum energy levels

state is the 6s 2S 1
2
state. There are two strong transitions from the ground state to the exited

6p state, 2P 1
2
and 2P 3

2
, corresponding to 455nm and 493nm, with spontaneous decay rates

of 1.11⇥108 s�1 and 9.53⇥107 s�1 respectively. According to the electron dipole selection

rules, once excited to the 6p states, the ions can decay back to the ground state or to the

metastable 5d states. The ions in the excited 6p 2P 3
2
state can decay to either the 5d 2D 3

2

or 5d 2D 5
2
states, giving o↵ 585nm (A=6.00⇥106 s�1) and 614nm (A=4.12⇥107 s�1) light

respectively. The ions in the exited 6p 2P 1
2
state, can only decay to the 5d 2D 3

2
state giving
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NEXT CONCEPTUAL IDEA, tracking  

reconstructed**tracks**from**
a*MC*simulated*ββ0ν*event**
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electron' is' a' twisted' track'
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Figure 36. A Monte Carlo electron simulated in the NEXT-DEMO detector.

Notice that in the time (or z) coordinate: a) each slice represents an ordered time frame in
the track trajectory; and b) the resolution of the sampling itself is much better than the smearing
imposed by diffusion (in NEXT-DEMO we use a sampling of 1 µs, corresponding to a resolution
of 1 mm). This, in turn, implies that: a) the electron “blob” can be found by simply walking
through the time slices, finding the one with higher energy and adding neighbor slices as dictated
by diffusion and b) x-rays are well separated from the electron in the z coordinate and can be very
often tagged directly by identifying a smaller S2 of the appropriate energy separated from the main
S2 signal. Notice that all this is done using the cathode, and therefore one benefits of the good
resolution of the energy plane.

Figure ?? shows the number of time-slices (refer hereafter simply as “slices”) in the S2 signal
as a function of the energy of S2. Notice that for energies below 600 pes (100 keV) the number of
slices is roughly constant with an average value of about 10. Since each slice has a width of 1µs, we
conclude that below some 100 keV, we are observing point–like objects whose width is of the order
of 10 µs. This width comes about by the combination of two factors. The longitudinal diffusion,
which is of the order of 3 µs rms for blobs produced near the port where most of the signal is
concentrated (thus the energy of point–like blob will be spread in about 9 µs, corresponding to a
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•Invented the TPC.   
•Proposed the use of EL as the only valid 
way to achieve energy resolution.   
•Invented the SOFT concept. 
•Proposed the concept of “dual 
TPC” (same apparatus, different 
configurations for DM and bb0nu) 
•Proposed the use of TMA to improve the 
response of both bb0nu and DM mode 
•Fundamental contributions to design 
and R&D 
•And most importantly he has taught us 
the secret of.…

Dave’s 5 cents to NEXT and MAGIX
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Physics as a fountain of eternal youth

http://www.jotdown.es/2012/09/david-nygren-y-alessandro-
bettini-the-physics-as-fountain-of-eternal-youth/


